Abstract According to the widely acknowledged mitochondrial free radical theory of aging (MFRTA), the macromolecular damage that results from the production of toxic reactive oxygen species (ROS) during cellular respiration is the cause of aging. However, although it is clear that oxidative damage increases during aging, the fundamental question regarding whether mitochondrial oxidative stress is in any way causal to the aging process remains unresolved. An increasing number of studies on long-lived vertebrate species, mutants and transgenic animals have seriously challenged the pervasive MFRTA. Here, we describe some of these new results, including those pertaining to the phenotype of the long-lived Mclk1 ?/-mice, which appear irreconcilable with the MFRTA. Thus, we believe that it is reasonable to now consider the MFRTA as refuted and that it is time to use the insight gained by many years of testing this theory to develop new views as to the physiological causes of aging.
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The mitochondrial free radical theory of aging (MFRTA): what does it claim?
Aging is a degenerative process that is very obvious in many living species. In their natural environment, animals rarely have the chance of fully experiencing the aging process because of the presence of many non-degenerative causes of death (starvation, disease, predation). Therefore, the molecular bases of aging are normally studied in protected environments. Under these conditions, where different model species can reach their maximal lifespan, aging can be defined as the steady increase with time in the probability of dying. This increased difficulty in remaining alive is believed to be the result of a gradual loss of the metabolic and genetic assets necessary to maintain the integrity and functionality of all cellular constituents. Understanding the mechanisms of aging has been at the center of some important biological research, and many theories of aging have been proposed [1, 2] . In order to receive consideration from the scientific community, the core of an aging theory must be a clear statement of what exactly initiates aging and causes the development of the aged phenotype. Theories also come always with additional affirmations and hypotheses to support their central statement. Discrimination between the core statement and the associated hypotheses of a theory is crucial because a theory could survive with some erroneous hypotheses, but should not survive with an inaccurate core statement. Strangely, even if aging has been suggested to be a multicausal process linked to a variety of molecular and cellular sources of damage [3] [4] [5] [6] , almost all popular theories of aging actually revolve around postulating a single physiological cause of aging. Of course, if aging is in fact multifactorial and does not have a single cause, then each of the theories that postulate a single cause might have some degree of truth.
Among all the single-cause theories that have been proposed, the MFRTA is without any doubt the most studied and the most recognized [7] . According to this theory, the cause of aging is the production of free radicals at the level of the electron transport chain that subsequently results in the formation of various reactive oxygen species (ROS) in the mitochondria of all tissues. The claim is that ROS will arise inevitably from normal mitochondrial energy metabolism to damage mitochondrial and cytosolic constituents and that the accumulation of this damage over time causes aging. To make ROS damage the cause of aging, additional implicit claims are that ROS are the only source of damage that is unavoidable or that can never be completely repaired. In addition to this core statement, the theory also encompass several associated hypotheses, for example, that the oxidative damage to mitochondrial constituents results in a deterioration of mitochondrial function over time, that the resulting mitochondrial dysfunction leads to more ROS generation and that global, including non-mitochondrial, oxidative damage, will also progressively accumulate with the aged phenotype (Fig. 1) . As ROS have toxic properties and are indeed normally produced by mitochondria throughout life, it is easy to understand why the MFRTA has attracted so much interest in the last decades.
Since the MFRTA was proposed, its core statement, its satellite hypotheses and its observational foundations have all been tested in a variety of species [8, 9] . To date, the findings from these multiple analyses have led to two principal conclusions: (1) many associated hypotheses of the theory, and their observational foundations, are correct. (2) The core statement of the theory is wrong, as we will discuss in the following sections (Fig. 1) . Note that a theory might be right until its core statement is proven to be wrong, following which the attempt to keep alive a weak version of the theory based on the truth of associated hypotheses and observations, as it was suggested for the MFRTA [9, 10] , can only lead to misunderstandings and unclear research programs. In spite of understanding this, it is difficult for everyone to consider as refuted a theory that has been standing on the highest step of the podium for so many years [11] . Yet, the theory is now being openly challenged by many [12] [13] [14] [15] [16] [17] . Here, we discuss a set of recent results that lead to conclusions that are particularly incompatible with the MFRTA and may actually suggest a new view of aging.
Unexpected results that have shaken up the MFRTA While many experiments have been performed in an attempt to validate the MFRTA, the results have not always supported the original hypothesis, but rather have sometimes provided strong evidence against the theory (Fig. 1) . One kind of experiment that falls in this category is the dietary administration of compounds with antioxidant
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As expected. Fig. 1 Schematic representation of the core statement and the associated hypotheses of the MFRTA, which have been tested by multiple studies in mammals. Taken together, the findings of these analyses have led to the conclusions that the core statement of the theory can now be considered as falsified in contrast to the associated hypotheses that have been verified by a variety of measures properties in order to extend maximum lifespan. An increase in maximum lifespan directly in response to an exogenously supplemented antioxidant would have been a major finding in favor of the theory, but, to date, despite numerous experiments and clinical trials with promising compounds, there is no report of a successful study in mammals, and the results are strangely inconsistent in Drosophila [18, 19] . Worse, some undesirable effects, including disease and even an increased risk of death, have been shown to occur in clinical trials in humans, and this has resulted in the trials being urgently stopped [20] [21] [22] . Thus, even if a potentially promising compound with some antioxidant properties, such as resveratrol, has been shown to extend lifespans in invertebrate model organisms, similar treatment in mice has failed to slow the rate of aging in spite of some beneficial effects on health [23, 24] . Interestingly, directly targeting the mitochondria by feeding mice with coenzyme Q 10 , a well-known mitochondrial antioxidant, has no effects on lifespan, even when mitochondrial coenzyme Q 10 content was successfully increased [25] . In addition to these pharmacological trials, a genetic approach in which antioxidant gene products are overexpressed with the same intention of decreasing ROS levels and ultimately reducing mitochondrial or global oxidative stress has also been taken. Again, a long lifespan of such transgenic animals would have been a crucial demonstration of the validity of the MFRTA. However, the over-expression of crucial antioxidant enzymes, such as SOD1, SOD2 and catalase, could again be shown to increase the lifespan in invertebrates organisms, such as Drosophila [26] , but not in mice [9, 27] . Recently, it was also reported that even the overexpression of different combinations of major enzymatic antioxidants in double transgenic animals was still unable to slow down the aging process [28] . The main argument against the MFRTA that arose from these experiments is that the increased activity of antioxidant enzymes in fact succeeds in enhancing resistance to oxidative stress in these transgenic animals [29] [30] [31] . Most troubling is the finding that the overexpression of the mitochondrial superoxide dismutase (SOD2), which clearly represents the principal defense against mitochondrial superoxide, does not result in a lifespan extension in single transgenic mice or when overexpressed in combination with SOD1 [9] .
Falsified Verified
So far, the only experimental data resulting from the type of analyses just described that really support the mitochondrial oxidative theory is the overexpression in mice of human peroxisomal catalase targeted to mitochondria (MCAT). Indeed, these mutants have been shown to live 17-21% longer than their wild-type siblings [32] . An attenuation in the development of some age-related pathologies as well as in the rate of mitochondrial hydrogen peroxide production and in the level of aconitase inactivation following exposure to H 2 O 2 was also reported [32] . Additionally, some beneficial effects on the health of the animals were noted, for example in the cardiovascular system [33] . However, there are some concerns about these experiments that make it unclear whether their results should be considered support for the core statement of the MFRTA. One problem is that the lifespan extension, originally evaluated after 2-4 backcrosses to C57B6 mice, became less evident after further backcrosses [32] . This means that the lifespan extension is at least in part the result of the interaction with specific alleles at other loci. This is a problem as reduced oxidative stress should always increase lifespan if the core statement of the MFRTA is correct. Also, non-targeted overexpression of catalase only or in combination with SOD2 has no effect on lifespan [28, 34] . It was also observed that the transgene was not equally expressed in all tissues, and the effects of MCAT expression are selective and do not impact all age-associated lesions [35] . The mitochondria from the transgenic mice seem resistant to oxidative stress, but aconitase activity in the absence of an exogenous treatment is not higher than in controls, thus suggesting that intramitochondrial oxidative status is unaffected by MCAT expression [32] . Moreover, knowing that catalase is a major hydrogen peroxide scavenger and that this particular ROS is now considered as an important mediator in mitochondrial signal transduction [36] [37] [38] , it is difficult to exclude the possibility that the longevity phenotype did not directly result from reduced mitochondrial oxidative stress.
In addition to the overexpression of antioxidant activities, some studies have focused on heterozygous or homozygous mutant mice in which the activities of antioxidant gene products were reduced or removed entirely (Fig. 1) . To date, the results that were obtained have also been disappointing, and sometimes even surprising. Indeed, the phenotypes that were obtained were principally lethal or resulted in severe pathology associated with short lifespan, and it is difficult to claim that these phenotypes result from accelerated aging and use these results as evidence for the theory [39] . Surprisingly, however, many of these mutants have been reported to have a normal lifespan [9] . One of the most interesting is the phenotype of the Sod2 ?/-mutant mice, which to our point of view is clearly incompatible with the MFRTA [40] . Indeed, instead of being short-lived as would have been predicted by the theory, the lifespan of these mutants for a crucial mitochondrial antioxidant is perfectly normal, in spite of increased oxidative stress [41, 42] . Recently, heterozygous mice for thioredoxin 2, a small cysteine-rich protein with antioxidant properties localized to the mitochondrial matrix, have been generated and are characterized by impaired mitochondrial function and high mitochondrial oxidative stress [43] . The lifespan phenotype of these mitochondrial mutants, which a preliminary report describes as surprisingly unaffected [44] , will be another new test for the theory.
From incompatible to irreconcilable
As discussed in the previous section, many results that are not in accordance with the MFRTA have been generated over the years with antioxidant treatments or with transgenic animals. We believe these results to be incompatible with the truth of the theory because the lifespan of these animals is normal despite higher or lower levels of antioxidant expression and oxidative damage. These findings are of course serious challenges for the theory but one could still accept some arguments as to why they do not necessarily lead to a rejection of the core statement of the theory. For example, it was suggested that the incapacity of supplemented antioxidants to enhance longevity may be due to the difficulty of providing them at sufficient concentrations without inducing deleterious effects due to the regulatory functions of ROS [45] . Interestingly, the lack of lifespan phenotype resulting from antioxidant overexpression has also been related to the observation that, in some particular cases, the increased activity of antioxidant enzymes induced oxidative damage and other deleterious effects [30] . Paradoxically, pathological conditions linked to genetic inactivation of antioxidant that resulted in a shortened lifespan are considered by others to validate the theory [9] . Furthermore, it has been argued [9] that the normal lifespan of the Sod2 ?/-mice, despite documented increased oxidative damage in these animals, might be possible if not all oxidative biomarkers are elevated, with reference to unpublished results. However, we have recently confirmed that mitochondria of Sod2 ?/-mutant mice indeed exhibit high oxidative stress by a variety of measures [46] . In any case, if only one type of oxidative damage matters for lifespan the core statement of the MFRTA would have to be seriously amended.
Most recently, the MFRTA has faced a new form of challenge as high oxidative stress has been related to extended lifespan. Studies with the longest living rodents, the naked-mole rats (NMRs), have shown that rather than having low levels of oxidative stress, these animals exhibit higher levels of oxidative damage to lipids, DNA and proteins than mice at the same fraction of their maximum lifespan (physiologically matched) and equal to that of mice of the same chronological age [47] . Moreover, concentration of specific markers of lipid peroxidation are higher in young NMRs than in short-lived mice and, unexpectedly, did not accumulate with aging [48] . Similarly, significantly elevated mitochondrial ROS production was recently observed in the cardiovascular system of the long-lived Ames dwarf mice when compared to wild-type littermates [49] .
As mentioned previously, genetic over-expression of major antioxidants does not lead to lifespan extension, and this is considered as a serious challenge for the theory. Yet, we believe that the increased lifespan recently demonstrated for mice with partial inactivation of GPx4 represents an even greater challenge. Indeed, mice heterozygous for GPx4, the gene encoding the only mitochondrial enzymatic antioxidant that directly reduces membrane-bound lipid hydroperoxides, have an increased median lifespan despite higher levels of biomarkers of oxidative damage [50] . Interestingly, it was recently shown that inactivation of the crucial mitochondrial antioxidant SOD-2 increases oxidative damage to proteins and general sensitivity to oxidative stress in C. elegans, yet simultaneously prolongs lifespan of these animals [51] . Thus, we are left with findings that suggest, paradoxically as far as the MFRTA is concerned, that high mitochondrial oxidative stress can positively affect longevity.
By studying MCLK1, a mitochondrial enzyme necessary for ubiquinone (coenzyme Q) biosynthesis, our group recently provided further evidence for beneficial effects of mitochondrial oxidative stress. Mutational inactivation of clk-1 in Caenorhabditis elegans, and partial inactivation of Mclk1 in mice prolong average and maximum lifespan in these organisms [52, 53] . The lifespan extension was observed in three different genetic backgrounds. However, due to the relatively small number of mice that were originally tested and the shorter than normal median lifespan of controls in the C57BL/6J background, the strength of these results has been questioned [9] . However, we have recently presented a new aging study with a large sample size in a mixed background that showed again that
Mclk1
?/-mutants live significantly longer than controls [46] . To date, virtually all our findings resulting from the analysis of the phenotype of the long-lived Mclk1
?/-mice appear irreconcilable with the MFRTA [46, 54] : (1) we found that mitochondria in young Mclk1
?/-mutants are dysfunctional despite normal levels of ubiquinone: for example, they display slow electron transport, contain low levels of ATP and sustain high oxidative stress. Yet these mice are long-lived, and their altered function ultimately results in a significant attenuation of the rate of development of non-mitochondrial oxidative biomarkers of aging. (2) In spite of their high oxidative stress, the function of
?/-mitochondria declines less rapidly with age than that of the wild type, indicating that even age-dependent damage to mitochondria is not principally caused by mitochondrial oxidative stress. siblings at the molecular level (reduced dosage of one naturally encoded gene), it is difficult to conceive of a mechanism by which the same minimal change could both decrease the rate of aging and increase mitochondrial oxidative stress if the latter is the cause of aging.
We have proposed a mechanism for the conjunction of low ATP levels, high mitochondrial oxidative stress, low non-mitochondrial oxidative damage and increased lifespan in Mclk1
?/-mutants (Fig. 2) . A slow rate of electron transport leads to low ATP production and reduced NAD(H) synthesis, which leads in turn to a deficit in those mechanisms of ROS detoxification that require NADPH regeneration (NADPH is regenerated via NADH), such as those that use glutathione. The deficit in detoxification leads to higher oxidative stress, which, in turn, together with the low levels of NAD(H), impairs electron transport further. We have also proposed that the low levels of ATP and NAD(H) might lead to a depression of cytoplasmic damagegenerating processes, including ROS damage, to explain the mild decrease in non-mitochondrial oxidative damage that we observe in young Mclk1
?/-animals. The longevity of these animals might therefore spring from a lower rate of accumulation of irreversible non-mitochondrial damage. Our findings support this hypothesis as we observed a slowing down of overall ROS damage accumulation with age without a reduction of mitochondrial oxidative stress below that of the wild type. Note that our observations do not lead to a ''non-mitochondrial free radical theory of aging,'' but only supports the ''damage accumulation theory of aging,'' because in this study we have only monitored oxidative stress, which might be only one of several sources of damage. In addition, we have shown that mitochondrial function is lost more slowly in the mutants than in the wild type. We interpret this to mean that the overall sparing due to reduced cytoplasmic damage, including reduced ROS damage, spares mitochondrial function. This is not surprising as a majority of the components of the mitochondria are synthesized in the cytoplasm and encoded in the nucleus in the case of proteins [55] . An overall lower level of cytoplasmic damage will benefit mitochondrial function as much as it will benefit other cellular processes. Our views, which overlap with the rate-of-living theory of aging, are also supported by numerous observations in other systems such as in the nematode C. elegans [56] .
Relating the Mclk1 model of longevity to long-lived animals and recognized concepts
Our laboratory has used the C. elegans system to show that the mechanism by which clk-1 prolongs lifespan is distinct from that of the insulin signaling pathway but overlaps with that of caloric restriction [57, 58] , which we will not further discuss here. Rather we would like to draw parallels to other ?/-mutants strongly affects mitochondrial function. The reduced mitochondrial function is linked to a reduction in the rate of electron transport, a decrease in energy production as well as to an increase in intramitochondrial oxidative stress.
Mclk1
?/-mutant animals also display a decrease in cytosolic and global ROS damage as well as in the rate of aging studies in vertebrates, including some we have already mentioned. As pointed out above, long-lived naked mole rats (NMRs) exhibit high levels of oxidative damage even as young animals, similar to what we observe in Mclk1 ?/-mutants. Additionally, NMRs have markedly attenuated age-related accrual of oxidative damage, and the initial levels of damage are relatively stable throughout life [48] . Even at a young age, NMRs have a high tolerance to oxidative stress, that is, it does not readily affect functionality, and they are better able to maintain the structural and functional integrity of their proteins over time than can short-lived species [59] . Another model is that of long-lived Gpx4
?/-mutants with high oxidative damage [50] . As overexpression of GPx4 protects mitochondrial ATP generation from oxidative stress [60] , the increased lifespan of the GPx4 ?/-mutants, which have 50% reduction in the level of GPx4 [50] , might find its source in reduced ATP generation and increased oxidative damage as observed in the Mclk1
?/-mice. Finally, it was demonstrated that in mice lacking the mitochondrial NAD-dependent deacetylase SIRT3, mitochondria are dysfunctional, and basal levels of ATP in the heart, kidney and liver are reduced by about 50% [61] . This mitochondrial phenotype is similar to what we have reported for Mclk1
?/-, and it will be very interesting to learn about the mitochondrial oxidative status as well as the lifespan of this Sirt3 -/-mutants.
The situation of Mclk1
?/-mutants, which suffer from enhanced stress at an early stage but whose condition then proceeds to demonstrate paradoxical beneficial effects on biomarkers of aging, could be seen as hormesis. Hormesis has been defined, particularly in toxicology, as a process in which exposure to a low dose of a chemical agent or environmental factor that is damaging at higher doses induces an adaptive beneficial effect on the cell or organism [62] . This concept is now increasingly applied and studied in the context of aging research, and it was recently shown that single or multiple exposure to low doses of otherwise detrimental agents, such as irradiation, heat stress and ROS generators, might have a variety of anti-aging and longevity-extending effects [63, 64] . The term ''mitohormesis'' has further been proposed to described the effects of a high but sub-lethal level of mitochondrial ROS that might trigger other, ultimately beneficial, cellular events and results in transient cytoprotection or organismal longevity [65, 66] . It remains an open question whether it is judicious or confusing to use the concept of hormesis to describe the situation of genetic mutants whose condition is necessarily chronic.
Concluding and moving forward
It is difficult to doubt that mitochondria play a key role in the aging process [67, 68] . However, although it is well documented that irreversible oxidative damage accumulates during aging [69] , it seems that the MFRTA's core statement that postulates that aging is triggered by the detrimental action of ROS produced during normal metabolism is simply wrong. It is not yet clear whether aging has a single cause or whether such a notion is misguided. In any case, the correlation between the presence of oxidative damage and the aged phenotype simply does not imply causation. Oxidative stress might be the consequence of aging, if aging indeed has some discrete cause, or causes, distinct from oxidative stress [40] . Alternatively, oxidative stress might result from the failure of one particular maintenance system of the organism and thus participate in causing aging, but no more, as is often proposed in multicausal or unifying theories of aging [3] [4] [5] [6] . Therefore, there is no reason to believe that it could not be beneficial to health to counteract the deleterious effects induced by ROS, at least in pathological situations. However, any intervention will nonetheless have to be very critically evaluated as clearly revealed by the antioxidant supplementation trials and in light of the increasing number of studies showing the crucial roles of ROS in cellular signaling.
